Today, worldwide more than five billion of wireless devices are directly communicating for voice and data transmission. The amount of data utilization has increased remarkably and here comes 5G technology with more prominent features, offering high data rate, low latency rate, efficient EM spectrum utilization, an immense machine-2-machine communication, etc. The efficient implementation of 5G technologies requires efficient and compact antennas. This work presents a novel multiband rectangular dielectric resonator antenna for future 5G wireless communication system, having stacked radiator with semi-circular slots etched on the left and right sides of an upper radiator. Additionally, a semi-elliptical slots rectangular microstrip patch antenna of the same dimensions for the purpose of comparison is designed. 28 and 38 GHz, which are the proposed 5G bands by most researchers, are the core target of this work. Alumina with a high relative permittivity of 9.8 is used as a radiator in the design of DRA, while common in the design of both proposed antennas, Rogers RT/DUROID 5880 with a relative permittivity of 2.2 having standard thickness is used as substrate material. Both the proposed antennas have an overall same size of 13 × 11.25 mm 2 . The proposed dielectric antenna resonates at 25.4, 34.6 and 38 GHz with 7.34, 4.04, and 3.30 GHz of wide impedance bandwidth covering the targeted 5G, 28, and 38 GHz bands, having a good return loss of −34.7, −31.8, and −33.5 dB, respectively. Further, the proposed dielectric antenna has a maximum radiation efficiency of 97.63%, with overall radiation efficiency greater than 90%, and maximum gain of 7.6 dBi is also noted. On the other hand, the proposed microstrip antenna resonates at 28 and 38 GHz with a 1.49 and 1.01 GHz of moderate impedance bandwidth, having −23.6 and −27.1 dB of satisfactory return loss. Further, the proposed patch antenna has a maximum radiation efficiency of 90.33% at 28 GHz, with overall radiation efficiency of greater than 84%, and moderate gain of 5.45 dBi is also noted. Both the proposed antennas have a nearly omnidirectional radiation pattern at resonance frequencies, with VSWR less than 2. Comparative study of the two proposed antennas regarding radiation efficiency, return loss, gain, data rate, and impedance bandwidth evidently shows that performance of DRA over MPA at millimeter wave is very good. The proposed antennas are simulated in CST Microwave studio v18.
INTRODUCTION
The productive and efficient usage of information and communication technologies (ICT) is proving useful, in improving the economy of the world [1] . Wireless communication networks are possibly the most crucial factor in world ICT strategy, supporting many other industries. It is one of the fastest emerging and most vivid and dynamic areas in the world [2] . The development of wireless communication technologies has remarkably changed people's lifestyle in terms of communication, business, and social functions.
The remarkable success of wireless communication technologies can be imagined by the dramatic growth of technology innovation. Cellular wireless communication industry has experienced a rapid development, i.e., it progresses from analog 1G (AMPS) to digital 2G (GSM), then to high data rate 3G (WCDMA), 3.5G (HSPA), and 4G (LTE and LTE advanced) cellular wireless communication systems [3] . The 4G cellular wireless communication systems have been launched in most of the countries. In spite of that, with an upsurge of wireless devices and services, there are still some problems and challenges that cannot be solved even by 4G, like high energy consumption and spectrum crisis [4] . With increasing demand for efficient wireless services, spectrum deficiency is one of the challenging factors in today's wireless communication industries. To cope with it, the use of millimeter wave bands , which have huge amount of bandwidth for higher data rate transmission, becomes necessary. Millimeter wave bands, which are considered to be an important part of future 5G cellular network, have been proposed to provide multi-gigabit wireless communication services like ultra-high definition video (UHDV) and high definition television (HDTV) [5] . There are different bands proposed for future 5G, and among them, 28 GHz is one of the bands [6] [7] [8] [9] . The proposed prime spectrum for 5G application is 20-90 GHz [10] . It has been found that millions of wireless devices will communicate with each other using 5G technologies and will enjoy a huge data rate of 1 to 10 Gbps (theoretically). Various future visions technologies that will come into existence due to 5G technology are: Smart grids, Smart cities, Virtual reality, Machine to machine communication, Autonomous driving, Telemedicine, etc.
Whatever the advancement made by new release wireless technologies, the aim of every wireless technology is to collect data, which is not possible without an antenna, so an antenna plays a basic role and can affect the whole system functions in terms of bandwidth, beamwidth and efficiency. With the rapid development in wireless communication system, the need for improved characteristics antenna design such as antenna size, traffic demand, high data rate, bandwidth, gain, and efficiency, increases. These required features lead to various antenna designs to achieve tradeoffs in antenna size vs antenna cost, high radiation efficiency and high gain vs low loss, high bandwidth, and high data rate [11] [12] [13] [14] [15] [16] [17] [18] . Numerous microstrip antennas have been designed for various applications, i.e., for WLAN, PCS, 2G, 3G, and for 4G [19] [20] [21] [22] .
Various microstrip antenna designs have been proposed for future 5G wireless communication network. In [23] , an antenna with coplanar feeding of size 5 × 5 mm 2 , Rogers RT5880 substrate of thickness 0.254 mm, having 6.6 dB gain at 28 GHz is proposed. In [24] , an antenna resonating on 60 GHz frequency having gain of 5.48 dB using H-slot and E-slot is proposed. Some works have been recently released [25] [26] [27] by different authors on designing 5G antennas/arrays.
Highly effective antennas, which bear high radiation efficiency, high gain, high temperature stability, etc., are needed for high frequencies (mm) applications (5G), but the performances of conventional microstrip patch antennas and Vivaldi antennas are limited in terms of radiation efficiency, gain, etc., by the severe metallic (ohmic) losses at high frequencies. Consequently, an alternate and novel antenna technology known as Dielectric Resonator Antenna having a ceramic dielectric radiator made up of low loss dielectric material of different geometries like rectangle, hemisphere, cylinder, ring, etc. [28] , instead of conducting radiator (patch) was developed and investigated by antenna researchers in late nineteen eighties. Because of the freedom form conduction losses, dielectric antennas show better performance than MPA with reference to radiation efficiency, return loss, temperature stability, gain, data rate, and impedance bandwidth. The advantages of dielectric antennas over patch antennas include wider impedance bandwidth, wide control over bandwidth as bandwidth of DRA depends on relative permittivity and attributes (length, width etc.) of its radiator, wide control over size as size of DRA inversely varies with the dielectric constant of its radiator, high radiation efficiency as freedom from inherited ohmic losses and negligible surface waves, higher power and temperature handling ability as of ceramic dielectric materials of temperature stable and high dielectric strength, high polarization clarity, high gain mainly at high frequencies as having no conduction losses and negligible spurious feed radiation, etc.
Various dielectric antenna designs prior to 5G technology have been reported, like in [29] a compact and dual-band dielectric resonator antenna operating at 880-960 MHz and 1700-2700 MHz having 80 MHz and 1 GHz bandwidths, using multibranch monopole feeding technique for mobile terminals covering Digital Communication System (DCS), Personal Communication System (PCS), Global System for Mobile (GSM), Universal Mobile Telecommunication System (UMTS), and Long Term Evaluation (LTE) cellular bands. In [30] , a multiband dielectric resonator antenna, possessing rectangular geometry, operating at 1.8, 2.2, and 2.6 GHz having 80, 30, and 200 MHz impedance bandwidths, with 6.41, 6.9, and 7.1 dBi gains, respectively, covering GSM1800, DVB-SH, and LTE-A cellular bands, is proposed. A single band two ports MIMO DRA, possessing rectangular shape operating at 2.6 GHz LTE band with different permittivity dielectric materials, used for size reduction, excited by slot microstrip and coaxial probe, is presented in [31] . Size of the proposed LTE antenna design [31] for dielectric material of permittivity 10 is 46×28×15 mm 3 with ground plane of 65×45 mm 2 , and reduced size with permittivity 30 is 15 × 24 × 10 mm 3 having ground plane of 45 × 25 mm 2 .
Numerous 5G single band dielectric resonator antenna designs have been found in literature. Like in [32] , a complex hybrid multilayer single band dielectric resonator antenna design, excited by Substrate Integrated Waveguide (SIW) feeding technique, operating from 62 to 78 GHz with 16 GHz of wide impedance bandwidth having a 9.9 dBi of maximum gain with a small variation of 0.3 dBi in gain, is presented. Two different substrate materials are arranged into four layers, having different dimensions of 0.381, 0.381, 0.508, and 0.254 mm, in which layers 1, 2, and 3 are Rogers 5880 while layer 4 is Rogers 6010 with a relative permittivity of 2.2 and 10.2, respectively. 18 µm copper layers are printed on either side of substrates 1 and 2, whereas there are silicon glass adhesions among substrates 3 and 4 and substrates 2 and 3 [33] . A four-port single band cylindrical MIMO DRA excited by SIW feeding method, operating at 5G band 27.7 GHz with 1.91 GHz of acceptable impedance bandwidth having −30 dB of S 11 and bearing a maximum gain variation from 5.07 to 5.70 dBi, is presented. In [34] , a wideband dielectric resonator antenna, operating from 6.23 GHz to 11.4 GHz with 5.5 GHz (58%) of wide impedance bandwidth fed by coaxial probe feeding mechanism and bearing 5.4 dBi of maximum gain, having H-shape resonator of dielectric material of permittivity 30 of dimensions 10 × 5.7 × 2 mm 3 , is designed. Some works have recently been released [35] [36] [37] [38] [39] [40] [41] [42] , by different researchers on designing 5G dielectric antennas operating at single band, 60 GHz.
A lonely dual-band dielectric resonator antenna operating at 10.5 and 17 GHz 5G bands, having vertically stacked rectangular dielectric radiator of AR1000 dielectric material of high relative permittivity of 9.8, excited through tilted elliptical slot aperture coupled microstrip line feeding mechanism is presented in [43] . The proposed design possesses overall size of 48 × 40 mm 2 with 5.7 and 6.9 dBi maximum gains at 10.5 and 17 GHz, respectively.
Till now, no such a compact size novel multiband dielectric resonator antenna with outstanding results, proposed in this work for future 5G communication system, has been reported in literature. This work presents a novel multiband rectangular dielectric resonator antenna for a future 5G wireless communication system, having stacked radiator with semi-circular slots etched on the left and right sides of upper radiator. Additionally, a semi-elliptical slots rectangular microstrip patch antenna of the same dimensions for the purpose of comparison is designed. 5G bands, 28 and 38 GHz which are the proposed 5G bands by most researchers, are the core target of this work.
Designs of the proposed antennas are described in Section 2 in detail, whereas Section 3 covers the parametric analysis of the proposed designs. In Section 4, detailed results of the proposed designs are discussed, and Section 5 concludes the proposed work.
ANTENNA DESIGN AND THEORY
As this research article comprises two different antenna designs, the design procedure of each antenna is explained individually below in subsections.
DRA Design
The basic structure of DRA mainly consists of a dielectric radiator on top, a substrate of dielectric material, conducting ground, and a feed line. So, the proposed design has almost the same composition except that a vertically stacked dielectric radiator is used as can be justified from the final geometry and exploded view illustrated in to the design flexibility of rectangular shape geometry having three different independent physical parameters, i.e., length, width, and height, resonance frequency and bandwidth of DRA can be easily controlled. Therefore, considering its various advantages, a rectangular shape dielectric radiator (DR) of size 4.566 × 9.5 mm 2 , made up of ceramic material Alumina having high relative permittivity of ε r = 9.4 with low tangent loss of 0.0004 of thickness of 1 mm is used. As the proposed RDRA is mainly composed of vertically stacked radiators, the length and width of the two radiators are same, i.e., 4.566 × 9.5 mm 2 , whereas a semicircular slot of radius 2 mm is etched on left and right sides of the upper radiator, as can be illustrated from Figure 1 (a). Microstrip feed line (m-line), upon which the dielectric radiators are placed directly at −0.83 mm away from centered point of substrate, having 9.17 × 0.77 × 0.035 mm 3 of overall size, is the adopted feeding method. The final parameters are summarized in Table 1 . [44] . Respective formulas used for the calculation of the resonance frequency f r of proposed dielectric antenna having rectangular radiator of dielectric constant ε r mounted on ground plane are stated below and are given in [45] ;
where (1), C is equal to 3 × 10 8 m/sec and is the speed of light in free space, while a, b, and d denote physical parameter length, height, and width of the rectangular radiator, respectively.
The final structure shown in Figure 1(a) is achieved through the stepwise evolution of the rectangular shape radiator by using stacking approach and etching slots. Initially, a single rectangular radiator of dimensions calculated according to Equation (1) is designed, as shown in Figure 3 (a). In next step, another rectangular radiator of same dimensions is stacked over the first one (see Figure 3(b) ). In the third step, semicircular slots are produced in upper radiator in both left and right corners (see Figure 3 (c)). Finally, both the radiators are translated along feed line from centered point towards negative y-axis (−0.83 mm), as shown in Figure 3(d) .
The effect of each iteration on S 11 is shown in the same figure (Figure 3 (e)). Initially with single DR (Ant1), antenna resonates at two different bands while covering the calculated resonance frequency, 29.04-33.54 GHz and 36.2-40 GHz, with impedance bandwidths of 4.5 and 3.8 GHz, respectively. Next with stacked DR (Ant2), antenna resonates at the two bands but with much improved bandwidth which 
MPA Design
In the second part of the proposed work, MPA of the identical shape and dimension (13 × 11.25 mm 2 ) with a semielliptical slot printed on either sides of radiator (patch) is designed for the purpose of comparability, using the same substrate (Rogers RT5880) with same dimensions (13×11.25×0.787 mm 3 ) used for the design of proposed RDRA as can be justified from the final geometry illustrated in Figure 4 (a). Perspective and back views are shown in the figure (Figures 4(b) and (c)). A rectangular radiating patch of dimensions 4.9 × 9.5 × 0.035 mm 3 is printed on a substrate with semielliptical slots of radii, 1.8 mm×2 mm (radii along x and y-axes) produced on its either sides along width, for the purpose of increasing antenna electrical length and multiband operation. Microstrip line inset feed having size of 5.05 × 0.77 × 0.035 mm 3 is the adopted feeding mechanism. 1 × 0.5 mm 2 is the dimensions of inset cut. The final parameters are summarized in Table 2 . 
PARAMETRIC STUDY
This section contains the parametric study to achieve the optimum design value for the proposed antennas. In order to emphasize the necessity of the stacked DRA having semicircular slot and dual-band MPA having semielliptical slot, parametric studies are conducted. There are a number of parameters that have an important effect on the performance of the antenna like length and width of radiating element, radii of the circular and elliptical slots, etc. used in the designing of the proposed antennas. A variation in the impedance bandwidth of the antenna is analyzed with respect to the parameters mentioned above. Variations in impedance bandwidth and S 11 of the proposed dielectric antenna with respect to length and width of rectangular radiator (dielectric), radius of semicircular slot, and position of DR on feed line are summarized in Figures 5(a), (b), (c), and (d) ). With increasing the length of radiator, shift towards left can be observed in the resonance frequency (see Figure 5 (a)), whereas slight shift towards left can be observed by increasing the width of radiator (see Figure 5(b) ). Further by increasing the radius 34.6 GHz, as can be seen in Figure 5(d) . The best results are obtained when the stacked DR of length 4.566 mm, width 9.5 mm with a semicircular slot of radius 2 mm are placed below the origin at 0.83 mm. On the other hand, variations in impedance bandwidth and S 11 of the proposed patch antenna with respect to length and width of rectangular radiator (patch), radii of semielliptical slots along x and y-axis are summarized in Figures 6(a) , (b), (c), and (d)). With increasing the length of patch, shift towards left can be observed in the resonance frequency (see Figure 6 (a)), whereas slight shift towards left can be observed by increasing the width of patch (see Figure 6(b) ). Further by increasing the radius of semielliptical slots along x-axis (R x ), slight shift towards right occurs at resonance frequency 38 GHz, with almost negligible impact at 28 GHz, which is shown in Figure 6(c) . Finally, with increasing radius of semielliptical slots along y-axis (R y ), slight shift towards right occurs at resonance frequency 28 GHz, while slight shift towards left can be observed at 38 GHz, with almost no change in their return loss (see Figure 6(d) ). The best results are obtained when the rectangular patch of length 4.9 mm, width 9.5 mm with semielliptical slots of radii 1.8 and 2 mm along x and y-axes are used.
RESULTS
Photographic image of the front and back of the fabricated proposed dielectric antenna validating the proposed simulated design can be seen in Figures 7(a) and (b). The proposed dielectric antenna is capable of operating at 5G bands as can be justified from the graph of return loss (S 11 ) shown in Figure 8 The proposed dielectric antenna has a 7.6 dBi of high simulated gain at 29.2 GHz which is the operating frequency as can be seen in Figure 9 (a), whereas the simulated gains at resonance frequencies are also pretty good, i.e., 6.4, 5.88, and 7.04 dBi at 25.4, 34.6, and 38 GHz, respectively. The graph of directivity (dBi) is also shown in Figure 9 (a). As there is very close relation between the gain and directivity shown above, the proposed dielectric antenna possesses maximum radiation efficiency of overall greater than 90% at operating (see Figure 9 (b)). Simulated gain, directivity, and radiation efficiency can be corroborated from the measured gain, directivity, and radiation efficiency, shown in Figures 9(a) and (b) .
The proposed dielectric antenna possesses somehow omnidirectional radiation pattern in both principal planes, except the E-plane at 25.4 GHz which has partial directional radiation pattern. The Figure 13 (b). Simulated return loss and VSWR can be corroborated from the measured return loss and VSWR, shown below.
The proposed patch antenna has 5.45 dBi of high simulated gain at 28.88 GHz which is the operating frequency as can be seen in Figure 14(a) , whereas the simulated gains at resonance frequencies 28 and 38 GHz are 5.41 and 4.89, respectively. The graph of directivity (dBi) is also shown in Figure 14(a) . As there is somehow difference between the gain and directivity shown in Figure 14 (a), especially at 38 GHz, the proposed dual-band patch antenna possesses maximum radiation efficiency greater than 84% at operating (see Figure 14 (b)), whereas 90.33% and 84.32% of moderate radiation efficiencies at 28 and 38 GHz, respectively, can also be seen. Simulated gain, directivity, and radiation efficiency can be corroborated from the measured gain, directivity, and radiation efficiency, shown in 
Comparative Analysis
Comparative study of both the proposed antennas regarding radiation efficiency, return loss, gain, data rate, and impedance bandwidth is summarized in Table 3 , which evidently shows that the performance of DRA over MPA at millimeter wave is very good, which validates the theoretical statement, due to freedom form metallic (conduction) losses, and the dielectric antenna shows better performance than its counterpart patch antennas. Comparative analysis is mainly focused on 28 and 38 GHz bands. It should be noted that the data rate shown in Tables 3 is considered 
CONCLUSIONS AND FUTURE WORK
In this research work, a novel multiband rectangular dielectric resonator antenna for a future 5G wireless communication system, having stacked radiator with semi-circular slots etched on the left and right sides of upper radiator is designed. Till now, no such a compact size novel multiband dielectric resonator antenna with outstanding results developed in this work for future 5G communication system has been reported in literature. Furthermore, semi-elliptical slots rectangular microstrip patch antenna of the same dimensions for the purpose of comparison is designed. Parametric study is performed in order to achieve optimum designed values for the developed antennas. The developed dielectric antenna resonates at 25.4, 34.6, and 38 GHz with 7.34, 4.04, and 3.30 GHz of wide impedance bandwidths covering the targeted 5G, 28, and 38 GHz bands, having a good return loss of −34.7, −31.8, and −33.5 dB, respectively. Further, the designed dielectric antenna gives maximum radiation efficiency of 97.63%, with overall radiation efficiency greater than 90%, and the maximum gain of 7.6 dBi is also noted.
On the other hand, the proposed microstrip antenna resonates at 28 and 38 GHz with 1.49 and 1.01 GHz of moderate impedance bandwidth, having −23.6 and −27.1 dB of satisfactory return loss. Further, the proposed patch antenna gives the maximum radiation efficiency of 90.33% at 28 GHz, with overall radiation efficiency greater than 84%, and moderate gain of 5.45 dBi is also noted. Both the proposed antennas have nearly omnidirectional radiation patterns at resonance frequencies, with VSWR less than 2. Comparative study of the two proposed antennas regarding radiation efficiency, return loss, gain, data rate, and impedance bandwidth is done which evidently shows that the performance of DRA over MPA at millimeter wave is very good. Radiation parameters (gain) can be enhanced using array technique or by using novel Metasurfaces or Frequency Selective Surfaces (FSS) which can be integrated with the developed designs as superstrate or reflector. Important aspect of the 5G millimeter-wave antenna is to use it for beam steering purpose, so the proposed designs can be used for beam scanning purpose. Also, both the designed antennas can be converted into MIMO applications by applying the underlying theory.
